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ABSTRACT
The ([α/Fe], [Fe/H]) distribution of Milky Way stars shows at least two distinct sequences, which have
traditionally been associated with the thin and thick disc components. The abundance distribution varies sys-
tematically with location R and |z| across the Galaxy. Using an analytical chemodynamical model that includes
the effects of radial migration and kinematic heating, we show that it is possible to reproduce the observed
abundance distribution at different locations. Unlike some earlier models, our scheme does not require a dis-
tinct thick disc component emerging from a separate evolutionary path. The proposed model has a continuous
star formation history and a continuous age velocity dispersion relation. Moreover, [α/Fe] is constant for stellar
ages less than 8 Gyr, but increases sharply for older stars over a time scale of 1.5 Gyr. The gap between the
two sequences is due to this sharp transition. We show that the high-[α/Fe] sequence at the low metallicity end
is simply a pile-up of old stars. At the high metallicity end, we find a sequence of stars having different ages
with a similar birth radius that originated in the inner disc. Our model successfully explains the uniformity of
the locus of the high-[α/Fe] sequence across different locations. The low-[α/Fe] sequence contains stars with
different birth radii that owes its existence to radial migration. For the low-[α/Fe] sequence, angular momen-
tum is anti-correlated with [Fe/H], and the model can reproduce this trend at different Galactic locations. If
radial migration is not included, the model fails to generate the double sequence and instead shows only a single
sequence. Our simple scheme has major advantages over earlier chemodynamical models, as we show.
1. INTRODUCTION
The formation and evolution of the Milky Way disk is
one of the outstanding questions facing Galactic archaeol-
ogy today (Freeman & Bland-Hawthorn 2002). However,
new observational data are providing avenues to resolve this
longstanding question. With the advent of the Gaia satel-
lite (Gaia Collaboration et al. 2016, 2018) and large-scale
spectroscopic surveys such as LAMOST (Zhao et al. 2012),
RAVE (Steinmetz et al. 2020), Gaia-ESO (Gilmore et al.
2012), APOGEE (Majewski et al. 2017), and GALAH (De
Silva et al. 2015), our understanding of the Galaxy is in the
midst of a revolution. Astrometric parameters from Gaia
(Gaia Collaboration et al. 2018; Lindegren et al. 2018) al-
low improved phase space estimates for more than a billion
stars, while large-scale spectroscopic surveys allow reliable
chemical abundance determinations and ages, giving us an
unprecedented picture of the Galaxy and the ability to trace
its structure and evolution through time.
Ever since the discovery of the thick disc by (Gilmore &
Reid 1983), its origin and its link to the thin disc, which
makes up most of the stars in the Milky Way, has remained
unclear. Further studies of the thick disc stars have revealed
that they are different from the thin disc star in multiple ways,
which lead to the notion that it might be distinct from the thin
disc and might have originated from a separate evolutionary
pathway. The thick disc was initially identified in observa-
tions of star counts in the solar neighbourhood away from
the mid-plane of the disk. A single exponential could not
fit the observed stellar distributions; two components were
required: a thin disk component with a small scale height
(≈ 300 pc), and a thick disk component with a three-fold
increase in scale height (Gilmore & Reid 1983). Spectro-
scopic observations of stars high above the plane belonging
to the thick disk reveal that these stars are older and have
higher [α/Fe] relative to stars in the plane (e.g., Fuhrmann
1998; Bensby et al. 2007; Haywood et al. 2013). Hence, the
thick disk has increasingly been identified via stellar chem-
istry, rather than a star’s distance from the plane. Large spec-
troscopic surveys have enabled a detailed exploration of the
distribution of stars in the ([Fe/H], [α/Fe]) plane and at dif-
ferent R and |z| locations across the Galaxy (Hayden et al.
2015, also available in the text later). In the solar annulus,
the distribution shows two major sequences, a high-[α/Fe]
sequence (associated with the thick disc) and a low-[α/Fe]
sequence (associated with the thin disc). The sequences are
almost parallel at the low [Fe/H] end, but as [Fe/H] increases
the two sequences progressively come closer and merge at
slightly super-solar metallicities. It is not clear as to where
the high-[α/Fe] track ends. The higher [Fe/H] stars of the
high-[α/Fe] track have kinematics similar to that of the thin
disk (Bensby et al. 2007; Adibekyan et al. 2011; Hayden
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et al. 2017; Ciuca˘ et al. 2020). The distribution of stars in
the low-[α/Fe] sequence changes systematically with loca-
tion R and |z| across the Galaxy. However, the locus of the
high-[α/Fe] sequence appears to be the same at all locations
to within observational errors (Nidever et al. 2014; Hayden
et al. 2015). Several observation studies have found that the
high-[α/Fe] stars identified with the thick disk have a short
scale-length, and only extend out to roughly the Sun’s posi-
tion. At larger radii, these high-[α/Fe] populations are ab-
sent and stars above the plane are instead made up of flar-
ing solar-[α/Fe] populations (e.g., Bensby et al. 2011; Bovy
et al. 2012b; Hayden et al. 2015; Weinberg et al. 2019). For
a detailed discussion of flaring see Minchev et al. (2015) and
for a schematic illustration of the thin and thick discs see Fig.
1 of Bland-Hawthorn et al. (2019). In the inner disc, we find
only a single sequence, the low-[α/Fe] sequence has shifted
towards higher [Fe/H] and is merged with the high-[α/Fe]
sequence, implying that the thin and thick disc are chemically
connected (Snaith et al. 2014; Hayden et al. 2015; Haywood
et al. 2016). The distinct gap between the chemical thin and
thick disks found locally does not exist in the inner Galaxy,
leaving its origin in the solar neighbourhood an open ques-
tion. The thick disc has also been associated with distinct
kinematic features. The velocity dispersion as a function of
age for stars in the solar neighborhood shows a break from a
power law with an increase being found for older stars (Free-
man 1991; Edvardsson et al. 1993; Quillen & Garnett 2001;
Sharma et al. 2020).
Despite the thick disc appearing to be a distinct population,
a number of studies have argued against it. Norris (1987)
suggested that the double exponential vertical distribution
of stars can be explained by a disc whose vertical velocity
dispersion (or equivalently scale height) varies continuously
with metallicity. Bovy et al. (2012a) binned up the SEGUE
(Yanny et al. 2009) G-dwarfs in the ([Fe/H], [α/Fe]) plane
to create mono-abundance populations (MAP) and studied
the spatial distribution of stars for each of the MAPs. Using
these MAPs they showed that the mass weighted distribution
of scale height in the solar annulus is continuous. A similar
analysis was repeated using giants from APOGEE by Bovy
et al. (2016) and Mackereth et al. (2017) that lead to the same
conclusion. Sharma et al. (2020) argue that the velocity dis-
persion of the thick disc stars follow the same relations for
their dependence on age, angular momentum and metallicity,
as stars belonging to the thin disk. The apparent uniqueness
of the thick disc kinematics is because the velocity dispersion
also depends on angular momentum, this was not taken into
account in the previous studies.
Schönrich & Binney (2009a) showed using a chemical evo-
lution model that the double sequence (bimodality) in the
([Fe/H], [α/Fe]) plane can be reproduced by a model hav-
ing a continuous star formation history. They introduced a
chemical evolution model that included radial flow of gas and
radial migration of stars in addition to other relevant physical
processes, e.g., star formation history, stellar yields, gas ac-
cretion and outflow. In addition to chemical abundances their
model also included the phase space distribution of stars.
The free parameters of the model were tuned to reproduce
observations of the solar neighbourhood from the Geneva-
Copenhagen Survey (Nordström et al. 2004). Their model
was able to reproduce many observed properties of the disk,
anti-correlation of angular momentum with metallicity for
the low-[α/Fe] stars Schönrich & Binney (2009b), the scat-
ter in the age-metallicity relation locally, as well as the shift
in both the peak of the MDF (radial gradient) and change in
shape with radius. The origin of the double sequence was at-
tributed to the time delay of SNIa, which makes the [α/Fe]
transition from high-[α/Fe] at earlier times to low-[α/Fe] at
later times. Radial migration was identified as the key mech-
anism that brought kinematically hot stars from the inner disc
to the solar neighborhood to create the thick disc. The large
spread in metallicity of the low-[α/Fe] sequence (thin disc)
was also due to radial migration coupled with the existence of
a strong metallicity gradient in the ISM. Later findings (Vera-
Ciro et al. 2014; Daniel & Wyse 2018) that radial migration
is efficient only for kinemtaically cold stars, raised questions
as to how can the thick disc be created by migration of stars
from the inner disc and still be kinematically hot. Aumer
et al. (2017) show using idealized N-body simulations that
if the Galaxy has an inside out growth, it is possible to have
outward migrators with high velocity dispersion.
In spite of significant successes of the Schönrich & Bin-
ney (2009b) model, their study lacked a detailed compari-
son with observations. They only made predictions for the
([Fe/H], [α/Fe]) distribution in the solar neighborhood and
compared it with the limited observational data set that was
available at that time. Although two sequences could be
clearly seen but their model also predicted a significant num-
ber of stars in between the two sequences. Unfortunately, a
large enough kinematically unbiased data set was not avail-
able to thoroughly test the predicted distribution of stars in
the ([Fe/H], [α/Fe]) plane. With data from APOGEE survey
becoming available, it soon became possible to study the dis-
tribution of ([Fe/H], [α/Fe]) at different R and |z| locations
of the Galaxy (Nidever et al. 2014; Hayden et al. 2015). Ad-
ditionally, the bimodality was clearly visible in this kinemat-
ically unbiased data set. The ([Fe/H], [α/Fe]) distributions
showed a number of interesting trends with Galactic loca-
tion which were never compared with model predictions; this
comparison is one of the main aims of this paper.
Since Schönrich & Binney (2009a), a number of other
chemical evolution models have been proposed, but no at-
tempt has been made to reproduce the observed ([Fe/H], [α/Fe])
distribution at different Galactic locations. Models by
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Minchev et al. (2013, 2014) use cosmological zoom-in sim-
ulations as input to generate realistic kinematic distributions,
and then add a detailed chemical evolution prescription on
top of the dynamics from the simulation. However, the
([Fe/H], [α/Fe]) distribution does not show bimodality, and
the [Fe/H] distribution peaks at the same value independent
of the radius R. Such simulations are computationally expen-
sive to run and often difficult to directly compare to the Milky
Way, as the simulated galaxy might not be a perfect match
for the evolutionary history of the Milky Way. A potential
way around this is to characterize the dynamic processes
found in N-body or cosmological simulations with analytic
functions, allowing for models that have good approxima-
tions for the important physical processes in the dynamical
evolution of a disk, while also being inexpensive and hav-
ing the flexibility to tune parameters to better match Milky
Way observables, e.g., as in Kubryk et al. (2015a,b). In this
model, the old stars forms the high-[α/Fe] sequence and the
young stars form the low-[α/Fe] sequence similar to the ob-
served sequences. However, a proper distribution of stars in
([Fe/H], [α/Fe]) plane with two distinct sequences was not
shown.
There have also been alternate chemical evolution mod-
els that suggest a different formation scenario for the thick
disc. A typical feature of these is strong star formation at
early times which forms the thick disc, followed by a period
where star formation is quenched or stops, the star forma-
tion resumes and continues at a slower rate at later times.
Some models have closed box chemical evolution Snaith
et al. 2015; Haywood et al. 2016, 2019 while others have
open box chemical evolution where accretion of fresh gas
happens over an extended time scale (Chiappini et al. 1997,
2001; Spitoni et al. 2019). A common problem with these
models is that they either ignore radial migration or consider
it to be insignificant (Haywood et al. 2019). Typically, the
chemical evolution tracks for a given birth radius show dis-
continuity or abrupt changes both in the the ([Fe/H], [α/Fe])
plane and evolution with time. Spitoni et al. (2019), which
has a longer delay between the first and the second gas in-
fall phase, leads to a loop in ([Fe/H], [α/Fe]) plane, which
does not match observations. While the evolutionary tracks
have been shown to qualitatively coincide with the locus of
the high and low-[α/Fe] sequences, a detailed prediction of
the distribution of stars in the ([Fe/H], [α/Fe]) plane and its
variation with R and |z| has not been done. Additionally, the
anti-correlation of angular momentum with metallicity has
also not been shown.
There are also some general purpose chemical evolution
models which track the evolution in individual radial zones
and have up-to-date stellar yields and realistic time delays
for SNIa (Nidever et al. 2014; Andrews et al. 2017) but they
lack phase-space information. They are potentially useful di-
agnostic tools in determining the impact of star formation
efficiencies and gas infall and outflow rates on the chemical
history of the Galaxy.
Full blown chemical evolution models, especially those
that include dynamical processes like Schönrich & Binney
(2009a) model, are not easy to fit to data. In this regard, mod-
els based on an analytical distribution function offer a distinct
advantage. Phase space distribution functions based on ac-
tions have been developed Binney (2012). Sanders & Binney
(2015) extended analytical action based distribution function
to also track the evolution of metallicity; additionally, they
introduced a prescription for radial migration. However, they
did not track the evolution of any element other that iron.
None of the previous models have been shown to repro-
duce the observed trends Galaxy wide in their entirety. There
are various reasons for why this is the case, varying from out-
dated observational constraints on the chemical distributions
of the Galaxy to overly simplistic approximations for the ve-
locity dispersion of the disk. However, significant improve-
ments have been made in the characterization of the veloc-
ity dispersion and its dependence on age, angular momen-
tum, and [Fe/H] in Sharma et al. (2020). This, along with
the improved observational constraints provided by Gaia and
large-scale spectroscopic surveys, allows us to generate a
new chemodynamical model for the Galaxy and make de-
tailed comparisons of it to observations.
In this paper, we will describe the framework of our
chemodynamical model which take into account a number of
relevant physical processes and reproduces chemodynamical
observations throughout the disk. This paper is organized
as follows: in Section 2, we describe the observational data
sets used to constrain our model. In Section 3, we describe
the parameters and functionary of the model. In Section
4, we describe our results and directly compare them with
observational data sets. In Section 5, we discuss impact of
our work and its ability to reproduce observational trends
throughout the Galaxy, as well as compare to existing works
on the chemodynamical evolution of the disk. Section 6
summarizes our main findings and highlights where future
improvements can be made.
2. DATA
For studying the distribution of stars in the ([Fe/H], [α/Fe])
plane at different R and |z| locations, we use data from the
APOGEE survey. We use the ASPCAP catalog of stellar pa-
rameters and abundances from APOGEE-DR14. We select
stars according to the following criteria,
(1.0< logg< 3.5)&(3500< Teff/K< 5300)&
(7< H < 11). (1)
The logg and Teff selection function is designed to select gi-
ants. Although the APOGEE survey extends in H band upto
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13.8 mag, but we restrict to 11 mag as beyond it the selec-
tion function is not homogeneous and difficult to reproduce.
Additionally, we restrict to stars with S/N > 80, are main
survey targets (EXTRAARG flag = 0), are not flagged bad
(ASPCAPFLAG 6= 23) and have valid distance, [Fe/H] and
[α/Fe]. This resulted in a sample of 94,488 stars. For dis-
tances, we use the BPG distances by Santiago et al. (2016)
from the APOGEE-DR14 value added catalog. We calibrate
our chemeical enrichment model using data from LAMOST
and GALAH. Since, the abundance estimates from different
spectrosocpic surveys in general do not agree with each other
we need to calibrate them. We have crudely recalibrated the
APOGEE [Fe/H] values to that of GALAH and LAMOST
by decreasing them by -0.15 dex.
For studying the dependence of angular momentum on
metallicity, we use red giant stars from both the APOGGE
and LAMOST surveys. We used the LAMOST-DR4 value
added catalog from Xiang et al. (2017b), for radial velocity,
Teff, logg, [Fe/H], [α/Fe], and distance. For the RG stars, we
adopt the following selection criteria,
(1< logg< 3.5)&(3500 < Teff/K < 5500)&
(7< H < 13.8). (2)
The criteria is less strict than Equation 1, so as to increase the
sample size.
To model the chemical enrichment we make use of
data from LAMOST and GALAH surveys. We used the
LAMOST-DR4 value added catalog from Xiang et al.
(2017b). For LAMOST stars, we used two types of stars,
the MSTO stars and the red-giant (RG) stars. The ages for
the LAMOST-MSTO sample were taken from Xiang et al.
(2017a) and for the LAMOST-RG-CN sample were taken
from Wu et al. (2019). The LAMOST-RG-CN sample con-
sists of red giant branch stars with ages derived from spec-
troscopic C and N features. For the GALAH survey, we used
MSTO stars. More precisely, we make use of the extended
GALAH catalog (GALAH+), which also includes data from
TESS-HERMES (Sharma et al. 2018) and K2-HERMES
(Sharma et al. 2019) surveys that use the same spectrograph
and observational setup as the GALAH survey. In this paper,
we exploit parameters from GALAH-iDR3, an internal data
release where every star has been analysed using SME and
incorporates Gaia-DR2 distance information (Gaia Collabo-
ration et al. 2018; Lindegren et al. 2018). A full discussion
will be presented in a forthcoming paper and the results will
be available as part of GALAH-DR3. The ages and distances
for the GALAH-MSTO stars are computed with the BSTEP
code (Sharma et al. 2018). BSTEP provides a Bayesian esti-
mate of intrinsic stellar parameters from observed parameters
by making use of stellar isochrones. For results presented in
this paper, we use the PARSEC-COLIBRI stellar isochrones
(Marigo et al. 2017). To select stars with reliable ages, we
adopt the following selection function for MSTO stars,
(3.2< logg< 4.1)&(5000< Teff/K < 7000). (3)
3. CHEMICAL EVOLUTION MODEL WITH RADIAL
MIXING
One of the main purpose of a Galactic model is to predict
the joint distribution of all possible stellar observables for
stars in the Milky Way. Due to large spectroscopic surveys,
the following set of observables position x, velocity v, age τ ,
iron abundance [Fe/H]′ and α abundance [α/[Fe]′ are read-
ily available for a large number of stars. Hence the distribu-
tion function we wish to seek is p(x,v, τ , [Fe/H], [α/Fe]|θ),
where θ denotes the free parameters of the model (which we
sometimes omit to shorten the equation). Full list of param-
eters and their adopted values is given in Table 1. Our model
is inspired and based on the extended distribution function
model proposed by Sanders & Binney (2015) but improves
upon it by adding significant new features, e.g., the distribu-
tion of α elemental abundances, a new prescription for veloc-
ity dispersion of stars. We also simplify certain aspects of the
Sanders & Binney (2015) model, e.g., the phase space dis-
tribution is described by the Shu distribution function (Shu
1969) instead of an action based quasi-isothermal distribu-
tion function.
For simplicity we assume the Galaxy to be axisymmetric,
i.e., none of the Galactic properties depend on the azimuth
coordinate. Strictly speaking this is not true, an evidence for
this is the presence of non-axisymmetry structures like bars
and spiral arms. The azimuthal crossing time scale is quite
small compared to the age of the Galaxy, hence, except for
very young stars, axisymmetry should still a good approxi-
mation for majority of the stars in the Milky Way. Due to
axisymmetry we work in cylindrical coordinates, and express
the phase space in following coordinates R, φ, z, vR, vφ and
vz.
At any given time the stars are born out of ISM, which is
made up of cold gas that is on circular orbit around the Galac-
tic center. Stars inherit the elemental composition and kine-
matic properties of the gas from which they are born. Hence,
the fundamental building block of our model is a group of
stars born at a lookback time τ with birth radius Rb. The
chemical evolution of the Galaxy will dictate how the abun-
dances vary as a function of τ and Rb. We denote the chem-
ical evolution of iron abundance by [Fe/H](τ ,Rb) and that
of α elemental abundance by [αFe](τ ,Rb). If [Fe/H]
′ and
[α/Fe]′ are observed with uncertainties σ[Fe/H] and σ[αFe],
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the joint distribution of observables can be modelled as
p(x,v, τ , [Fe/H]′, [α/Fe]′) = p(x,v|τ ,Rb)p(τ ,Rb)×
∂[Fe/H](τ ,Rb)
∂Rb
×
N ([Fe/H]′|[Fe/H](τ ,Rb),σ[αFe])×
N ([α/Fe]′|[α/Fe](τ ,Rb),σ[Fe/H]) (4)
To also include stellar mass m in the joint distribution, the
right hand side (RHS) of the above equation should be mul-
tiplied by the initial-mass-function of stars ξ(m). This is im-
portant when we want to take the selection function of the
survey into account and we postpone this discussion to Sec-
tion 3.4.
Having specified the full joint distribution, it is easy to ex-
plore any other projections of this distribution, e.g., by inte-
grating over azimuth φ and velocities vφ, vR and vz we get
p(R,z,Rg, τ , [Fe/H], [α/Fe]). In this paper we are interested
in the distribution of ([Fe/H], [α/Fe]) at a given R and z, and
this is given by
p([Fe/H]′, [α/Fe]′|R,z) = p(R,z, [Fe/H]
′, [α/Fe]′)
p(R,z)
(5)
3.1. Phase space distribution and radial mixing
The newly formed stars are also on circular orbit with a
star born at radius Rb having an angular momentum vc(Rb)Rb,
where vc(Rb) is the circular velocity. The distribution of
newly formed stars p(τ ,Rb) is fully specified by specifying
the star formation history p(τ ) and the distribution of birth
radius p(Rb|τ ) for a given τ .
p(τ ,Rb) = p(τ )p(Rb|τ ) (6)
Following Sanders & Binney (2015) we express the star for-
mation history as
p(τ )∝ exp
(
τ
τfall
−
τrise
τmax − τ
)
, (7)
which is marked by a peak at τ = τmax −
√
τfallτrise. For our
choice of parameters the peak is at 10.5 Gyr, see Figure 1c.
The star formation increases at earlier times with a rate con-
trolled by τrise to a maximum value and then falls off expo-
nentially untill the present time with time scale τfall.
The radial distribution of stars at birth is given by
p(Rb|τ ) = RbR2d
exp
(
−Rb/Rd
)
, (8)
Unlike Sanders & Binney (2015), who consider distinct thin
(τ < 10 Gyr) and thick (τ > 10 Gyr) discs with different scale
lengths, we allow for a smooth inside out formation of the
disc by specifying the scale length Rd to evolve with time
according to
Rd =Rmaxd −
Rmaxd −Rmind
2
(
tanh
(
τ − τRd
∆τRd
)
+1
)
, (9)
the corresponding profile is shown in Figure 1c.
Over time, due to various dynamical processes, like scat-
tering from spiral arms, giant molecular clouds and a bar,
stars move away from their place of birth and acquire ran-
dom motion. Following Schönrich & Binney (2009a) we de-
scribe the dynamical processes using the churning and blur-
ring mechanisms. Churning refers to the scattering in angular
momentum space, while blurring refers to increase of random
motion that is characterized by radial velocity dispersion σR
and vertical velocity dispersion σz. We assume σR and σz to
be functions of τ , Rb, and Rg (guiding radius, defined as the
radius of a circular orbit with a given angular momentum ).
Specifically, due to churning stars born at a lookback time
τ and at radius Rb , will have a distribution of angular mo-
mentum L or equivalently guiding radius Rg(L) given by
p(Rg|τ ,Rb). Following Sanders & Binney (2015) we model
churning as a Gaussian diffusion in the space of angular mo-
mentum L, which leads to
p(Rg|Rb, τ ) = 1KN
(
L|RbΘ − σ
2
L
2ΘRd
,σ2L
)
dL
dRg
. (10)
Here σL characterizes the dispersion of angular momentum
which increases with time according to
σL(τ ) =σL0
(
τ
τmax
)1/2
. (11)
The distribution is only valid for positive values of L, the
factor
K =
1
2
1+ erf
RbΘ − σ2L2ΘRd√
2σL
 (12)
is a normalization constant to ensure that the integral over the
positive L axis is unity.
To model the present day phase space distribution of stars
born at a lookback time of τ and at radius Rb, p(x,v|τ ,Rb),
we use a distribution function of the following form (see
Equation 4.147 from Binney & Tremaine 2008).
f (ER,L,Ez)∝ F(L)
σ2R
exp
(
−
ER
2σ2R
)
exp
(
−
Ez
2σ2z
)
(13)
Here, the potential Φ(R,z) is assumed to be linearly separa-
ble in R and z allowing the vertical and planar motion to be
studied separately. The planar distribution is modeled using
the Shu distribution function while the vertical distribution is
modelled as an isothermal population.
Ez =
1
2
v2z + (Φ(R,z)−Φ(R,0)) (14)
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Table 1. Parameters of the chemical evolution model
Description symbol value
Solar Radius R 8.0 kpc
Circular velocity at Solar Radius Θ 232.0 km/s
Gravitational Potential Φ(R,z) MWPotential2014-galpy
Age of disc τmax 13.0 Gyr
Late time star formation rate decay constant τfall 10.0 Gyr
Early time star formation rate rise constant τrise 0.63 Gyr
Current metallicity gradient FR -0.08 dex/kpc
Metallicity at birth Fmin -0.85 dex
Radius of current ISM solar metallicity rF 6.5 kpc
ISM Metallicity enrichment time scale τF 3.2 Gyr
[α/Fe] transition time τα 10.5 Gyr
Maximum [α/Fe] αmax 0.225 dex
Current [α/Fe] of outermost disc αouter 0.1 dex
Transition metallicity Fα -0.5 dex
Transition metallicity scale ∆Fα 0.5 dex
Time scale for transition of [α/Fe] ∆τα 1.5 Gyr
Maximum radial scale length Rmaxd 3.45 kpc
Minimum radial scale length Rmind 2.31 kpc
Time of transition of radial scale length τRd 9.0 Gyr
Time scale for transition of radial scale length ∆τRd 1.0 Gyr
Churning efficiency σL0 1150 kpc km/s
Vertical Velocity dispersion normalization σ0,vz 25.0 km/s
Radial Velocity dispersion normalization σ0,vR 39.6 km/s
Vertical heating growth parameter βz 0.441
Radial heating growth parameter βR 0.251
Vertical heating angular momentum scale λL,vz 1130 kpc km/s
Radial heating angular momentum scale λL,R 2300 kpc km/s
Vertical heating angular momentum coefficient αL,z 0.58
Radial heating angular momentum coefficient αL,R 0.09
Vertical dispersion gradient with metallicity γ[Fe/H],z [-0.52,-0.8] km/s/dex
Radial dispersion gradient with metallicity γ[Fe/H],R [-0.19,-0.5] km/s/dex
is the energy associated with the vertical motion. Φ(R,z) is
the Galactic gravitational potential and we adopt the MW-
Potential2014 from galpy Bovy (2015). ER is the random
energy over and above that of Ec(L) (energy required for a
star with a given L to be in a circular orbit with radius Rg(L))
and is given by
ER =E −Ec(L) =
V 2R
2
+Φeff(R,Rg)−Φeff(Rg,Rg)
=
V 2R
2
+∆Φ(R,Rg). (15)
Φeff(R,Rg) is the effective potential for a planar orbit and is
given by
Φeff(R,Rg) =Φ(R)+
1
2
vc(Rg)2(Rg/R)2, (16)
Given that we assume σR to be a function of τ , Rb, and Rg,
the phase space distribution can now be written as
p(x,v|τ ,Rb) = p(Rg|τ ,Rb)p(R|Rg,σR)×
1√
2piσR
exp
(
−
v2R
2σ2R
)
×
p(z,vz|R,σz) 12pi . (17)
It follows from Sharma & Bland-Hawthorn (2013) (see
also Schönrich & Binney 2012) that for a Shu distribution
function,
p(R|Rg,σR) = p(R,Rg|σR)∫ P(R,Rg|σR)dR
=
1
gK(a,Rg)Rg
× (18)
exp
(
−
Φeff(R,Rg)−Φeff(Rg,Rg)
σ2R
)
, (19)
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where a = σR/Θ(Rg), and
gK(a,Rg) =
∫
exp
(
−
Φeff(R,Rg)−Φeff(Rg,Rg)
a2v2c(Rg)
)
dR
Rg
(20)
The vertical phase space distribution of stars at a given R
for an isothermal population characterized by vertical veloc-
ity dispersion σz is given by
p(z,vz|R,σz) = 12z0 exp
(
−
Φ(R,z)−Φ(R,0)
σ2z
)
× (21)
1√
2piσz
exp
(
−
v2z
2σ2z
)
, (22)
where z0 is the vertical scale height (see Equation 4.153 from
Binney & Tremaine 2008) and is given by
z0(R,σz) =
∫ ∞
0
exp
(
−
Φ(R,z)−Φ(R,0)
σ2z
)
. (23)
3.2. Chemical evolution
The abundance of elements as a function of time and birth
radius is dictated by the chemical evolution of the Galaxy.
Chemical evolution from first principles involves tracking the
birth and death of stars, the synthesis of elements in stars
using nucleosynthetic yields, the return of synthesized ele-
ments to the ISM, the dilution of the ISM by the infall of
fresh gas and so on. Rather than adopting an ab-into ap-
proach we adopt an empirical approach. We specify simple
but physically motivated functional forms for the evolution
of abundances as a function of τ and Rb and fine tune some
of the free parameters using observational data.
3.2.1. Iron abundance
For iron abundance [Fe/H], a reasonable assumption is to
assume that it decreases monotonically with birth radius at
all times. This is motivated by the fact that the star formation
efficiency is highest in the center of the Galaxy and falls off
with radius. A metallicity gradient of about −0.09 dex/kpc
has been observed in the Milky Way (Hayden et al. 2014).
Most chemical evolution models also predict metallicity to
fall off with birth radius (Schönrich & Binney 2009a). As
for the dependence of metallicity on time, the models like
that of Schönrich & Binney (2009a) predict a sharp increase
in metallicity at earlier times, but at later times the rate of
increase progressively slows down and the metallicity ap-
proaches an asymptotic value Fmax(Rb), which depends on
Rb. These above mentioned features are captured by the fol-
lowing adopted functional form. Note, for clarity and brevity,
F is used to denote [Fe/H].
F(Rb, τ ) = Fmin + (Fmax(Rb)−Fmin)tanh
(
τmax − τ
τF
)
(24)
Fmax(Rb) = Fmintanh
(
FR(Rb −RF )
Fmin
)
(25)
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Figure 1. Properties of our Galactic model. (a) [Fe/H] as a function
of age for different birth radius. (b) [α/Fe] as a function of age for
different birth radius. (c) The star formation rate and radial scale
length as function of age. The dotted lines simply show for refer-
ence the traditional definition of thick and thin disc based on age.
The Fmin denotes the minimum ISM metallicity, τF the metal-
licity enrichment time scale, FR the current metallicity gradi-
ent in the solar neighborhood, rF the radius at where the ISM
has solar metallicity. Equation 24 is depicted graphically in
Figure 1a. The model is similar to that of Sanders & Bin-
ney (2015), except for the form of Fmax(Rb)– our variation
of radial gradient dFmax/dRb with Rb is weaker than that of
Sanders & Binney (2015).
3.2.2. α elemental abundance
For [α/Fe], instead of expressing its formation and evolu-
tion in terms of τ and Rb, we express it in terms of τ and
[Fe/H]. This is because the birth radius cannot be observed
directly, hence a relation constructed out of Rb is difficult to
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Figure 2. Metallicity and age dependence of α elemental abun-
dance. Solid lines show data from four different sources. The
dashed lines are predictions of a model with, αmax = 0.225, αouter =
0.18, Fα = −0.5, ∆Fα = 0.4, τα = 10.5 Gyr and ∆τα = 1.5, which
fits the GALAH data. F stands for metallicity [Fe/H], and αmin(F)
is an analytical function of metallicity as shown by the dashed line
in panel (a).
verify and calibrate. However, using Equation 24 and Equa-
tion 25 we can express Rb in terms of [Fe/H] and τ as an
analytical function Rb(F, τ ). This is possible because we as-
sume that [Fe/H] decreases monotonically with birth radius
for any given age.
From previous works (Hayden et al. 2017; Xiang et al.
2017a), [α/Fe] has been found to be approximately constant
with age till about 8 Gyr followed by a rapid rise thereafter.
We postulate a tanh function that transitions from a low value
αmin to a high value αmax at an age tα, with the sharpness of
the transition being controlled by ∆tα.
[α/Fe](F, τ ) =αmin(F)+
αmax −αmin(F)
2
[
tanh
(
τ − τα
∆τα
)
+1
]
(26)
The relationship is shown as dashed line in Figure 2b. The
relationship is motivated by the physics of chemical enrich-
ment (Fe and α elements) in the Galaxy which is mainly reg-
ulated by Supernovaes. The initial value αmax of [α/Fe] is
set by the yields of SNII, which occur almost immediately
(10 Myr) after the initiation of star formation at age τmax. We
expect αmax to be independent of metallicity F . SNIa mostly
produce Fe and almost no α elements, which leads to a drop
in [α/Fe]. SNIa require a binary companion and can only
occur after significant time delay. The SNIa rates typically
peak about 1 Gyr after star formation. This typically sets the
time scale∆τα of transition from high to low [α/Fe]. We ex-
pect τα to be given by τmax − k∆τα, with k being somewhere
between 1 and 2, the exact value needs to be determined by
fitting to observational data. As the evolution proceeds at
some stage the ISM will reach an equilibrium state due to in-
fall of fresh metal poor gas and this will set the floor αmin.
Since, the star formation rate and the infall rate are not same
at all birth radius, αmin will depend on birth radius. Given F
is a function of Rb and τ , we expect αmin to be a function of
F .
Given that [α/Fe] is approximately constant for young
stars, we can easily deduce the dependence of [α/Fe] on
[Fe/H] for them, and this is shown in Figure 2a using dif-
ferent spectroscopic data sets. For young stars [α/Fe] is
strongly anti-correlated with metallicity for −0.8< [Fe/H]<
0, but outside this range the slope approaches zero. We use
the tanh function
αmin(F) =
αouter
2
[
tanh
(
−
(F −Fα)
∆Fα
)
+1
]
(27)
to describe this relationship. αouter indicates the [α/Fe] for
young stars in the outer disc which have the least value of
[Fe/H]. Figure 2a shows that different observational data sets
are all consistent with the adopted relationship. The data
sets used are, main sequence turnoff (MSTO) stars from the
LAMOST survey, the red-giant-branch (RGB) stars from the
LAMOST survey, and the MSTO stars from the GALAH sur-
vey.
For older stars, the variation of age-[α/Fe] relation with
metallicity is difficult to study, this is because old stars are
mostly metal poor, which means it is difficult to get a sam-
ple with a wide range of metallicities. At earlier times, we
expect the [α/Fe] to be same throughout the disc as they are
formed out of the same primordial gas. Hence, we postulate
αmax to be independent of F . Additionally, we also postulate
τα and ∆τα to be independent of F . Figure 2b shows the
observed dependence of ([α/Fe]−αmin(F))/(αmax −αmin(F))
on [Fe/H]for stars belonging to different data sets. GALAH-
MSTO data set is consistent with the adopted functional form
and shows the sharpest transition compared to other data sets,
most likely due to better age precision. For GALAH-MSTO,
the relationship is very flat for stars younger than 8 Gyr, but
for other data sets a small increase with age can be seen.
Given that Rb can be estimated from [Fe/H] and τ , we can
now express [α/Fe] in terms of τ and Rb and this is shown in
Figure 1b. A detailed study of [α/Fe] as a function of age and
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metallicity, based on the GALAH survey, will be presented in
a forthcoming paper, we here adapt some of its relevant find-
ings. Due to systematic differences between spectroscopic
surveys we need to adjust the relations depending upon the
survey we want to use it for. The actual values that we use for
building our model for APOGEE data are given in Table 1,
which differ slightly in values for αouter,∆Fα as compared to
those given in Figure 2.
3.3. Velocity dispersion relations
In Section 3.1 velocity dipsersions σR and σz were assumed
to be a function of τ , Rb and Rg (or equivalently L). Given
that Rb can be expressed in terms of τ and [Fe/H], we seek
functions of the following form σv(τ ,L, [Fe/H]). Functions
of the above form were explored by Sharma et al. (2020) us-
ing data from the LAMOST, GALAH and APOGEE spec-
troscopic surveys. They showed that different stellar sam-
ples, even though they target different tracer populations and
employ a variety of age estimation techniques, follow the
same set of fundamental relations. In addition to the well
known power law dependence on age, velocity dispersion is
a parabolic shaped function of L with a minima at around
solar angular momentum and it is anti-correlated with metal-
licity.
In Sharma et al. (2020), the dispersion σv of velocity v (for
either vR or vz), is assumed to depend on the stellar age τ ,
angular momentum L, metallicity [Fe/H], and vertical height
from the disc midplane z, via the following multiplicatively
separable functional form
σv(τ ,Lz, [Fe/H],z,θv) = σ0,v fτ fLz f[Fe/H] fz, (28)
with
fτ =
(
τ/Gyr+0.1
10+0.1
)βv
, (29)
fL =
αL,v(L/L)2 + exp[−(L−L)/λL,v]
1+αL,v
, (30)
f[Fe/H] = 1+γ[Fe/H],v[Fe/H], (31)
fz = 1+γz,v|z|. (32)
θv = {σ0,v,βv,λL,v,αL,v,γ[Fe/H],v,γz,v} is a set of free parame-
ters and we adopt the values from (Sharma et al. 2020) (also
listed in Table 1). The σ0,v is a constant that denotes the ve-
locity dispersion for stars lying in the midplane with solar
metallicity, solar angular momentum (L = ΩR2) and an
age of 10 Gyr. Since in our models velocity dispersions have
no dependence on z, we set γz,v to zero, and to compensate
for it we increase σ0z by a few km/s. The origin of the z de-
pendence is not fully understood, and more work is required
in future before we can successfully incorporate them in the-
oretical models. Based on results of Sharma et al. (2020)
where γ[Fe/H],v was found to decrease with age, we allow it to
vary linearly with age and the adopted maximum and mini-
mum values are given in Table 1.
3.4. Selection Function
To compare the predictions of a model with observations,
we need to take the selection function of the observational
data into account. Let S denote the event that a star is in a sur-
vey based on criteria defined over some set of observables y,
e.g. logg, Teff, apparent magnitude H. The selection function
of a survey p(S|y) is then the probability of the event S given
y (Sale 2012). This is typically an indicator function that
is 1 if the star satisfies the selection criteria and 0 if it does
not. Given the intrinsic variables age τ , metallicity [Fe/H],
distance s and mass m, one can predict any observable y us-
ing theoretical stellar isochrones. Hence the selection func-
tion can also be computed over the intrinsic variables. For a
given initial-mass-function ξ(m) (IMF), normalized such that∫
ξ(m)dm = 1, we have
p(S|τ , [Fe/H],s) =
∫
p(S|τ , [Fe/H],s,m)ξ(m)dm. (33)
We use PARSEC-COLIBRI stellar isochrones (Marigo et al.
2017) to compute this.
In this paper, we are mainly interested in the distribution of
[Fe/H] and [α/Fe] for stars in a bin kRz in (R, |z|) space and
chosen with some given selection function S. This required
distribution is given by
p([Fe/H], [α/Fe]|S,kRz) =
∫
p([Fe/H], [α/Fe], τ |S,kRz)dτ .
(34)
Assuming that the bin kRz is small enough such that
p([Fe/H], [α/Fe], τ |R,z) is constant over the bin, we have
p([Fe/H], [α/Fe], τ |S,kRz) = p([Fe/H], [α/Fe], τ |R,z)×
p(S|τ , [Fe/H],kRz), (35)
with
p(S|τ , [Fe/H],kRz) =
∫
p(S|τ , [Fe/H],s)p(s|kRz)ds, (36)
and p(s|kRz) being the distribution of distances of observed
stars in bin kRz.
4. RESULTS
We explore the joint distribution of [Fe/H] and [α/Fe] at
different R and |z| locations in the Galaxy. First, we present
observational results. Next, we compare the observational
results with the predictions of our theoretical model from
Section 3. Figure 3 shows the observational results from
APOGEE-DR14 survey. This was first presented by Hayden
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Figure 3. Distribution of APOGEE stars in the ([Fe/H], [α/Fe]) plane at different locations in the Galaxy. The stars follow the selection
function given in Equation 1. In each panel the density is normalized such that maximum density is unity. The locations are specified in terms
of cylindrical coordinates R and z and the quoted values are in units of kpc. Each panel corresponds to a bin in (R, |z|) space, with R increasing
from left to right and |z| increasing from bottom to top. In each panel the solid lines show the evolution of abundances at a given birth radius
taken from our model. The blue line is for the birth radius of 4 kpc, while the orange line is for the birth radius corresponding to the central
value of R in each bin. The black dots mark the evolution at age of 4, 8, 10, 11, 12, and 13 Gyr, with metallicity decreasing with age. In panel
(f), the model profiles corresponding to birth radii of 1, 2, 4, 6, 8, 10, 12 and 14 are shown, with [α/Fe] increasing with birth radius.
et al. (2015), our figure here is a reproduction of their figure
but with a few changes. Our (R, |z|) grid is slightly different,
we have an extra bin in |z|. Also our target selection crite-
ria is more conservative, so that the selection function can be
easily reproduced when we do forward modelling of the ob-
served data. In Figure 3, to aid comparison with theoretical
predictions, the chemical evolutionary tracks corresponding
to different birth radius are indicated by solid lines. Black
dots mark the progression of time, with [Fe/H] increasing
(decreasing) with time (age). The blue line is for Rb = 4 kpc,
while the orange line is for Rb corresponding to the central
value of R in each panel.
In Figure 3, a double sequence (high-[α/Fe] and low-
[α/Fe]) is visible in most panels, e.g., panels (d), (i), (m),
(n) and (o). The two sequences are well separated at the low
[Fe/H] end, but with increase of [Fe/H] they progressively ap-
proach each other and eventually merge at [Fe/H] of about
0. The relative number of stars belonging to each sequence
depends sensitively upon R and |z|. The fraction of stars be-
longing to the high-[α/Fe] sequence increases with increase
of height |z| and decrease of radius R, in other words, the
fraction is strongest away from the disc plane and towards
the inner disc (top-left panel). The opposite is true for the
low-[α/Fe] sequence, which is strongest close to the disc
plane and towards the outer disc (bottom-right panel). The
high-[α/Fe] sequence appears to follow the track with Rb = 4
kpc in all panels, and the distribution of stars along this track
is also very similar in all panels– a property that we refer to
as uniformity of the high-[α/Fe] sequence. In contrast, the
distribution of stars along the low-[α/Fe] sequence is highly
variable. With increase of either R (going from the inner disc
to the outer disc) or |z| (going from midplane upwards), the
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Figure 4. Model predictions for distribution of stars in the ([Fe/H], [α/Fe]) plane at different locations in the Galaxy, satisfying the selection
function of APOGEE stars (Equation 1). Solid lines are evolutionary tracks for a given birth radius, for further description see Figure 3
density peak shits to the left, i.e., towards lower values of
[Fe/H].
Figure 4 shows the distribution of stars in the ([Fe/H], [α/Fe])
plane predicted by our model for the same (R, |z|) grid as in
Figure 3 and using the same target selection criteria (Equa-
tion 1). The predicted distributions are strikingly similar to
the observed distributions and are even found to reproduce
some of the finer details of the observed distributions. Some
examples of similarities are as follows. The double sequence
is prominent in panels (d), (i), (m), (n) and (o). The relative
fraction of stars in the two sequences varies with R and |z|
in the same way as in Figure 3. The high-[α/Fe] sequence
is strongest at high |z| and small R, and gradually diminishes
in strength with increase of R and decrease of |z|. The high-
[α/Fe] sequence seems to follow the Rb = 4 kpc evolutionary
track in all panels. For the low-[α/Fe] sequence, the [Fe/H]
and [α/Fe] coordinates of the density peak change with R
and |z| in exactly the same way as in Figure 3. To summarize,
Figure 4 demonstrates that our chemodynamical model can
successfully reproduce the observed distribution of stars in
the ([Fe/H], [α/Fe]) plane across different locations in the
Galaxy.
Figure 5 shows the ([Fe/H], [α/Fe]) distribution predicted
by our model where churning is set to be negligible, and it
looks very different from Figure 4. Unlike the double se-
quence seen in Figure 4, only one sequence can be seen in
Figure 5. In each panel, the sequence mainly follows the
orange line, which is the evolutionary track with Rb equal to
mean radius R of each panel. Close to the plane, the sequence
is more like a blob which is centered around the black dot
corresponding to age of 4 Gyr. However, with increase of |z|
the sequence becomes elongated and moves upward towards
older stars. This is because the scale height increases with
age (due to increase of σz with age), which makes it more
likely to have old stars at higher |z|. Figure 5 makes it clear
that radial migration, or more precisely the process of churn-
ing, is essential to get the double α-sequence. Note, blurring
was kept unchanged and its effect is included in Figure 5. So
blurring by itself is not enough to bring stars to a given R
from a birth radius that is too far from R.
12 SHARMA ET AL.
0.2
0.0
0.2
0.4
[
/F
e]
(a)3<R/kpc<5
1.50<|z|/kpc<2.00
(b)5<R/kpc<7
1.50<|z|/kpc<2.00
(c)7<R/kpc<9
1.50<|z|/kpc<2.00
(d)9<R/kpc<11
1.50<|z|/kpc<2.00
(e)11<R/kpc<13
1.50<|z|/kpc<2.00
(f)13<R/kpc<15
1.50<|z|/kpc<2.00
0.2
0.0
0.2
0.4
[
/F
e]
(g)3<R/kpc<5
1.00<|z|/kpc<1.50
(h)5<R/kpc<7
1.00<|z|/kpc<1.50
(i)7<R/kpc<9
1.00<|z|/kpc<1.50
(j)9<R/kpc<11
1.00<|z|/kpc<1.50
(k)11<R/kpc<13
1.00<|z|/kpc<1.50
(l)13<R/kpc<15
1.00<|z|/kpc<1.50
0.2
0.0
0.2
0.4
[
/F
e]
(m)3<R/kpc<5
0.50<|z|/kpc<1.00
(n)5<R/kpc<7
0.50<|z|/kpc<1.00
(o)7<R/kpc<9
0.50<|z|/kpc<1.00
(p)9<R/kpc<11
0.50<|z|/kpc<1.00
(q)11<R/kpc<13
0.50<|z|/kpc<1.00
(r)13<R/kpc<15
0.50<|z|/kpc<1.00
0.6 0.0
[Fe/H] dex
0.2
0.0
0.2
0.4
[
/F
e]
(s)3<R/kpc<5
0.00<|z|/kpc<0.50
0.6 0.0
[Fe/H] dex
(t)5<R/kpc<7
0.00<|z|/kpc<0.50
0.6 0.0
[Fe/H] dex
(u)7<R/kpc<9
0.00<|z|/kpc<0.50
0.6 0.0
[Fe/H] dex
(v)9<R/kpc<11
0.00<|z|/kpc<0.50
0.6 0.0
[Fe/H] dex
(w)11<R/kpc<13
0.00<|z|/kpc<0.50
0.6 0.0
[Fe/H] dex
(x)13<R/kpc<15
0.00<|z|/kpc<0.50
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Density/Max(Density)apogee_h11(model)
Figure 5. Distribution of mock APOGEE stars in the ([Fe/H], [α/Fe]) plane at different locations in the Galaxy as predicted by a model with
negligible churning (σL0 = 150 kpc km/s). The solid lines mark model evolutionary tracks for a given birth radius as described in Figure 3.
Abundances follow the profile corresponding to that of the local radial coordinate.
An important observation made by Hayden et al. (2015)
was that the shape of [Fe/H] distribution (MDF) changes
systematically with R, for stars close to the plane the skew-
ness changes from being negative in the inner disc (R < 7
kpc) to being positive in the outer disc (R > 11 kpc). To
investigate this, we split the APOGGE data set used in Fig-
ure 3 into low and highα sample, and show with orange lines,
the observed MDFs for the low-[α/Fe] and the high-[α/Fe]
stars in Figure 6 and Figure 7 respectively. The MDFs are
shown at different R and |z| locations. The predictions of the
model are shown alongside as blue lines. For low-[α/Fe]
stars, overall the model predictions are in very good agree-
ment with the observations. Some panels show slight differ-
ences, with observations showing sharper peak, e.g., panels
(d), (e), (k) and (s). For high-[α/Fe] stars, the model predic-
tions are also in good agreement with observations, however,
in some panels the low metallicity tail is more extended in
the observations.
An important prediction of the radial migration model
is that along the low-[α/Fe] sequence the mean specific-
angular-momentum of stars should decrease systematically
from the low-[Fe/H] end to the high-[Fe/H] end. This is be-
cause, at any given R, stars that have migrated from the in-
ner disc carry less angular momentum than stars that have
migrated from the outer disc. The model predictions are
shown in Figure 8, where the angular momentum is plotted
as a function of [Fe/H] (dashed light-blue line) for stars be-
longing to the low-[α/Fe] sequence for different R and |z|
locations. For panels with R> 5 kpc, strong anti-correlation
can be seen. The relationship between L and [Fe/H] is not
universal, it varies with R and |z|. As expected, the mean an-
gular momentum increases with R in proportion to vcirc(R)R,
which is indicated by black dot. The steepness of the profiles
increases with R and |z|. Observations are also shown along-
side (solid orange lines) which match reasonably well with
the predictions.
The vertical distribution of star in the Milky Way is well
fit by a sum of two exponential functions (Gilmore & Reid
1983), leading to the suggestion that the Milky Way is made
up of two distinct components the thin disc (with smaller
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Figure 6. Distribution of [Fe/H] for low-[α/Fe] stars from APOGEE along with predictions from our model.
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Figure 7. Same as Figure 6 but for high-[α/Fe] stars.
scale height) and the thick disc (with larger scale height).
Model predictions for vertical distribution of stellar mass is
shown in Figure 9. It can be seen that it is well fit by a sum of
two exponential functions, although the model does not have
a distinct thick disc component. In our tests, a model with
constant star formation rate and scale length was also well
fit by a sum of two exponential functions, but with slightly
different fit parameters. To conclude, a continuous stars for-
mation history can give rise to vertical density distribution
that is well fit by a sum of two exponential functions. A sim-
ilar argument against the existence of a distinct thick disc was
also presented by Norris (1987).
5. DISCUSSIONS
5.1. What is the reason for the existence of the high- and
low- [α/Fe] sequences?
Comparing the map in Figure 10 with the overlaid evolu-
tionary tracks provides insight into the origin of the high- and
low- [α/Fe] sequences. The high-[α/Fe] sequence coincides
with the Rb = 4 kpc evolutionary track, suggesting that it is
primarily a sequence of age. This is very obvious at the high
[Fe/H] end. However, at the low [Fe/H] end, the high-[α/Fe]
sequence is also partly a sequence of birth-radius. In contrast,
the low-[α/Fe] sequence follows a 8 Gyr isochrone, suggest-
ing that it is primarily a sequence of birth radius. The densest
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Figure 8. Specific angular momentum as a function of [Fe/H], for low-[α/Fe] stars. Solid lines show observational data from LAMOST
and APOGEE surveys. The dashed lines are model predictions. Different panels correspond to different locations in the Galaxy, specified by
Galactocentric coordinates R and z. The black dot marks the mean metallicity and angular momentum of a circular orbit corresponding to the
mean radius of the stars in each (R,z) bin.
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Figure 9. Vertical distribution of star forming mass at R = 8.0 kpc
according to our model. The distribution is well fit by function that
is a sum of two exponential functions, with scale lengths hthin and
hthick, and fractional contribution of the thicker component fthick be-
ing 0.17.
portions of both the sequences are parallel to the isochrones.
The dense low-[α/Fe] portion is made up of stars younger
than 10 Gyr while the dense high-[α/Fe] portion is made up
of stars older than 11 Gyr.
The gap between the two sequences is due to the sharp
transition of [α/Fe] from a high value to a low value to,
within a span of a few Gyrs and centered around 10.5 Gyr.
This sharp transition, which is due to time delay in the on-
set of SNIa explosions, creates a valley in the number den-
sity of stars corresponding to the region occupied by the 10.5
Gyr isochrone, and is the reason behind the existence of the
double sequence. In our preferred model the star formation
history peaks at 10.5 Gyr and the radial scale length of the
disc decreases with increasing age (Figure 1). In Figure 11
we plot the ([Fe/H], [α/Fe]) distribution for a model with
constant star formation history and radial scale length, which
looks very similar to Figure 10. This demonstrates that the
double sequence is not due to any features in the profile of
star formation rate or scale length with age.
5.2. How should we interpret the ([Fe/H], [α/Fe]) plane?
The best way to interpret the distribution of stars in the
([Fe/H], [α/Fe]) plane for a given Galactic location is in
terms of a sequence of evolutionary tracks corresponding
to different birth radii (see Figure 10). For each point
in ([Fe/H], [α/Fe]) plane there is a corresponding point in
(Rb, τ ) plane. The tracks are labelled by their value for Rb and
τ , which determines the location of a point along the track.
For a given Galactic location (R, |z|), the number density at
an age τ on a track is given by
p(Rb, τ |R,z)∝ p(τ )p(Rb|τ )p(z|σz)×
[
∫
p(Rg|Rb, τ )p(R|Rg,Rb, τ )dRg] (37)
The term in square bracket on the RHS is a function that typ-
ically peaks at around Rb = R but has tails extending to lower
and higher Rb. The extent of the tails is governed by the
strength of churning (σL0) and blurring (σR). In absence of
churning and blurring, stars will be distributed only along the
track Rb = R (similar to Figure 5). The first term on the RHS
of Equation 37 is the star formation rate, the second is the
distribution of birth radii at the time of formation. The third
term is the vertical density, which is roughly proportional to
sech2(z/(2hz))/hz, with scale height hz ∝ σ2z . hz in general
increases with age (using Equation 29 as τ 0.88). At small |z|,
stellar populations with small hz will dominate, while at high
|z|, stellar populations with large hz will dominate. Going up
the evolutionary track, we expect to see kinematically hotter
populations (populations with large σz). The rate of change
of [α/Fe] with age is highest at around 10.5 Gyr, which leads
to a local minimum in the number density of stars at that
age. Hence, even if p(τ ) is smooth and continuous, we will
still see a minimum in the density distribution along a track
and consequently a bimodality in the ([Fe/H], [α/Fe]) plane.
However, along a single evolutionary track, hz ∝ τ 0.88, the
distribution of hz is expected to be continuous as long as the
star formation rate is continuous. It is now easy to see why
the mass weighted distribution of scale height hz at the solar
annulus can be a continuous function as found by Bovy et al.
(2012a), in spite of the ([Fe/H], [α/Fe]) distribution being
bimodal.
5.3. Why does the locus of the high-[α/Fe] sequence appear
to be the same across all locations of the Galaxy?
The high-[α/Fe] sequence seems to approximately follow
the Rb = 4 kpc evolutionary track at all Galactic locations. It
can be seen from Figure 10 that the shape of this track has a
knee at [Fe/H] ∼ −0.2. To the left of the knee the sequence
is almost parallel to [Fe/H] axis and to the right it slopes
downwards. The left part is mainly made up of stars with
age greater than 11 Gyr. The lower envelope is made up of
11 Gyr isochrones with Rb > 4 kpc which runs parallel to the
[Fe/H] axis. This is separated from the low-[α/Fe] sequence
due to the sharp transition of [α/Fe] when age changes from
11 to 10 Gyr. At different Galactic locations the distribution
of Rb can change but the high-[α/Fe] sequence will still re-
main flat and the lower envelope will remain the same. The
upper/outer envelope is made up of stars with Rb < 4 kpc.
In this regime the distribution of Rb has a very characteristic
shape, it is a rising function of Rb at all locations. Hence, as
long as there are enough stars coming from Rb < 4 kpc, we
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Figure 10. Model prediction for the distribution of stars in the ([Fe/H], [α/Fe]) plane for (7 < R/kpc < 9) & (1 < |z|/kpc < 1.5). The solid
lines show the evolution of abundances for different birth radius Rb. The black dots mark the evolution at age of 4, 8, 10, 11, 12 and 13 Gyr.
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Figure 11. Model prediction for the distribution of stars in the
([Fe/H], [α/Fe]) plane for (7 < R/kpc < 9) & (1 < |z|/kpc < 1.5).
The model has a constant star formation rate and scale length (no
inside out formation). The black dots mark the evolution at age of
4, 8, 10, 11, 12 and 13 Gyr as in Figure 10.
will always see the same shape of the outer envelope. The
reason we always have enough stars from the inner Galaxy
is because of churning. Figure 12 shows that the distribu-
tion of Rb is a skewed distribution with a well defined peak.
Such a distribution is predicted by Equation 8, which peaks
at Rb = Rd . In reality, the peak shifts to larger Rb with in-
crease of R. This is because the actual distribution of Rb at
a given R (Equation 37) depends upon additional factors in-
volving churning and blurring. For old stars (τ < 10 Gyr) the
churning is very efficient such that the term within the square
bracket in Equation 37 is a very broad, hence the p(Rb|τ )
term dominates.
Nidever et al. (2014) argue that thinness of the high-[α/Fe]
sequence combined with the fact that the same sequence ex-
ists at a wide range of R and |z|, is probably indicative of the
fact that similar condition existed throughout the disc. This
argument was further supported by Bovy et al. (2016) based
on similarity of radial profile of high-[α/Fe] MAPs. How-
ever, the existence of the high-[α/Fe] sequence at all R and
|z| says very little about where they were born. Birth radius is
uniquely specified by location on the ([Fe/H], [α/Fe]) plane.
The fact that the high-[α/Fe] sequence can still be seen at
large R is due to churning and blurring. For ages greater
than 11 Gyr, different evolutionary tracks have very similar
[α/Fe] at birth. This is the reason for the thinness along the
high-[α/Fe] track: a spread in birth radius does not have a
spread in [α/Fe], only [Fe/H]. The high-[Fe/H] end of the
sequence is made up of stars with Rb < 4 kpc, here the evolu-
tionary tracks are close together in the ([Fe/H], [α/Fe]) plane
and appear quite similar.
5.4. Chemical enrichment
We have proposed an empirical model for chemical en-
richment and constrained it using observational data contain-
ing age and abundance of stars. The fact that it reproduces
the distribution of stars in ([Fe/H], [α/Fe]) plane at different
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Figure 12. Model predictions for the distribution of birth radius Rb. Shown are cases for young and old stars, which correspond to low-[α/Fe]
and high-[α/Fe] sequences respectively. The distributions correspond to star forming mass as selection function was not applied. The two
numbers on each panel denote the position of the peaks in the distribution, left number for old stars and right number for young stars.
Galactic locations, further supports the adopted enrichment
model. However, our model is also physically motivated and
its parameters can be used to shed light on the physics of en-
richment. ∆tα indicates the time delay between the onset of
star formation and the peak in the rate of SNIa, which mainly
depends on the lifetime of the binary companion of a white
dwarf. Our adopted value of 1.5 Gyr is in good agreement
with typical expectation from theoretical models (Kawata &
Gibson 2003). Our results suggest that the initial composi-
tion at all birth radius was very similar, probably due to short
timescale of SNII that sets the initial value of [α/Fe]. At
later times, the [Fe/H] and [α/Fe] values are found to reach
an equilibrium value which depends on birth radius, this is
probably regulated by gas dynamical processes like inflow of
fresh gas, outflows and radial flows, but needs further inves-
tigation. In the future, we should relax some of the assump-
tions that were made and let the data inform if they are true.
5.5. The role played by velocity dispersion relations
The overall pattern of the ([Fe/H], [α/Fe]) distributions is
sensitive to the velocity dispersion relations, specially, the
relative fraction of stars in the high- and the low-[α/Fe] se-
quences. This is because σz determines the scale height of a
population and the scale height determines which population
is going to dominate at what |z| (Section 5.2). The high-
[α/Fe] sequence is primarily made up of old stars while the
low-[α/Fe] sequence is made up of comparatively younger
stars. So their relative fraction is particularly sensitive to the
dependence of σz on age.
For a given R, with increase of |z|, the peak for the low-
[α/Fe] sequence moves to lower [Fe/H] and higher [α/Fe],
both for the observations and the model. This is most ev-
ident for panels corresponding to 7 < R/kpc < 9 (Figure 3
and Figure 4). The slight increase in [α/Fe] of the peak is
due to increase of σz with age, which makes it more likely
for older stars to occupy regions with higher |z|. But the shift
of [Fe/H] is more than that predicted by simply travelling up
along the orange evolutionary track. The extra shift of the
peak to lower [Fe/H] is specifically due to anti-correlation of
σz with [Fe/H], which makes it more likely for low [Fe/H]
stars to occupy regions with higher |z|. If the parameter
γ[Fe/H],v that controls the dependence of σz on [Fe/H] is set to
zero, no shift of the peak is seen in the distributions predicted
by the model. This provides an independent confirmation of
the Sharma et al. (2020) scaling of velocity dispersion with
[Fe/H] (or equivalently birth radius) for a given age.
In the topmost |z| slice (Figure 3 and Figure 4), we have a
dominant low-[α/Fe] sequence at large R . Naively, we ex-
pect the topmost slice to be dominated by old stars as they
have high σz and hence large scale height. We see the dom-
ination of old, high-[α/Fe] stars for R < 9 kpc but not for
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larger values of R. Inside out formation of the disc, i.e., scale
length of a disc being smaller at earlier times, is one pos-
sible explanation for this result. In our model, Rmind < R
max
d
indicates inside out formation of the disc. However, setting
the Rmind = R
max
d was found to have very little effect on the
distributions. The high-[α/Fe] sequence was found to shift
slightly towards low [Fe/H], which is due to more contribu-
tion from stars with larger Rb, but for R > 9 kpc the low-
[α/Fe] sequence was still dominant. Next, we set the pa-
rameter αL,v, which regulates the increase of σz with L, to
zero. With this change, the high-[α/Fe] sequence was found
to dominate the panels (d), (e), and (f) corresponding to large
R. αL,v is responsible for flaring of young low-[α/Fe] stars in
the outer disc, and this makes the low-[α/Fe] sequence dom-
inate at large R. Low-[α/Fe] stars are made up of all stars
with age less than 10 Gyr, hence, they significantly outnum-
ber the high-[α/Fe] stars. So, even a small amount of flaring
is enough to make them dominate over the high-[α/Fe] stars.
Flaring has been reported in the outer disc of the Milky
Way and has been shown to occur in numerical simula-
tions (Minchev et al. 2015). Both Bovy et al. (2016) and
Mackereth et al. (2017) using APOGEE data showed that
the youngest stars flare the most. Simulations of discs with
GMCs, spiral arms and a bar by Aumer & Binney (2017)
show that flaring is due to constant birth velocity dispersion.
Sharma et al. (2020) provide kinematic indication of flaring.
For constant scale height, σz is expected to decrease expo-
nentially with L. Sharma et al. (2020) show that σz decreases
with L for upto solar angular momentum, but increases there-
after, which is indicative of flaring in the outer disc. They
argue that constant birth dispersion will lead to more flaring
in young stars and flaring will start at much lower values of
R. The reason being that flaring starts when an exponentially
declining σz as a function of L hits the floor of constant birth
dispersion, for younger stars the overall dispersion is small
and hence the floor is hit at a smaller L.
5.6. Relation to other studies
Schönrich & Binney (2009a) introduced a detailed model
for chemical evolution with radial migration and gas flows
that was capable of simulating the joint distribution of abun-
dances and phase space coordinates. They made predic-
tions for the distribution of solar neighborhood stars in the
([Fe/H], [O/Fe]) plane. They made predictions for main se-
quence type stars following the GCS survey (Nordström et al.
2004) selection function. Note, for the purpose of the dis-
cussion here, [O/Fe] can be considered as proxy for [α/Fe].
Their models were able to reproduce the high- and low-
[α/Fe] sequences. They showed that the double sequence
has nothing to do with breaks in star formation history but
was a consequence of the sharp enrichment of [α/Fe] due
to SNIa. The low-[α/Fe] sequence was a sequence of stars
born at different radius but were present in the solar neigh-
borhood due to radial migration. They also predicted an anti-
correlation of angular momentum with [Fe/H] which was in
qualitative agreement with data from GCS. We arrive at the
same conclusions, but using an empirical model for chem-
ical enrichment that is calibrated to observational data and
using an improved model for velocity dispersion. Our em-
pirical relations for the evolution of abundances are in good
agreement with theirs, which provides strong support to their
ab-inito chemical evolution model. They compared their re-
sults with a small observational data set, moreover, the ob-
servational data set had kinematic biases. Hence it was not
possible to do a proper comparison of density distribution in
the [α/Fe] plane with the models. Specifically, the models
predicted a significant number of stars in between the two
sequences but that seemed to be missing in the presented ob-
servational data. In contrast, we make a detailed comparison
with observations using a significantly larger data set and test
the predictions over different locations across the Galaxy.
Bensby et al. (2013, 2017) studied the abundance dis-
tribution of bulge stars using microlensed dwarfs and sub-
giants within 1 kpc of the Galactic center. They found that
([Fe/H], [α/Fe]) distribution of stars in the Galactic bulge
are very similar to the sequence found in the inner disc (see
also Rojas-Arriagada et al. 2019) . This is correctly pre-
dicted by our model. We expect the bulge to look like panel
(m) and (s) of Figure 4.The bulge should follow the Rb < 1
kpc evolutionary track, and this is similar to Rb = 4 kpc track
which represents the high-[α/Fe] sequence seen throughout
the Galaxy.
Bovy et al. (2016) studied the R and |z| distributions of
mono-abundance populations using APOGGE red-clump
stars. They found that the radial distribution of high-[α/Fe]
MAPs are well described by a single exponential (for R > 4
kpc) but that of low-[α/Fe] MAPs are more complex. The
low-[α/Fe] MAP stars are distributed in a ring like structure
characterized by a peak with exponential fall off away from
the peak both for smaller and larger radii. Mackereth et al.
(2017), using mono-age and mono-metallicity APOGEE red-
giant-branch stars, also reported similar findings. The above
findings are easy to understand using Figure 10. A low-
[α/Fe] MAP represents young stars born at a particular birth
radius. Our churning mechanism predicts that at any given
time after birth, the distribution of guiding radius p(Rg|Rb, τ )
will be ring-like centered around Rb. Blurring further dis-
tributes stars with a given Rg over R in a ring around Rg.
Hence, the distribution of R,
p(R|Rb, τ ) =
∫
p(Rg|Rb, τ )p(R|Rg, τ ,Rb)dRg (38)
will also be ring-like as it is given by a convolution of one
ring-like distribution with another ring-like distribution. A
high-[α/Fe] MAP typically represents stars with Rb of about
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4 kpc, which will also be ring like but with peak close to R = 4
kpc. Since there was no observed data inwards of 4 kpc, the
radial distribution was expected to be well fit by a single ex-
ponential. Along the high-[α/Fe] sequence, the evolutionary
tracks are closely spaced. Hence, a MAP can in general also
contain stars from multiple birth radii, which can shift the
peak further inwards.
Sanders & Binney (2015) proposed action-based analyt-
ical distribution function with a prescription for radial mi-
gration. Our model is similar to theirs, but unlike them we
also make predictions for [α/Fe]. We adopt their prescription
for radial migration. The strength of migration is character-
ized by parameter σL0, defined as the dispersion of angular
momentum for 12 Gyr population. By fitting to GCS stars,
Sanders & Binney (2015) estimated σL0 = 1150 kpc km/s.
We adopt a very similar value and find that it reproduces the
([Fe/H], [α/Fe]) distribution of APOGEE stars quite well.
Recently, Frankel et al. (2020) have also estimated σL0 mak-
ing use of APOGEE red-clump stars and building upon the
model of Sanders & Binney (2015). They estimate the dis-
persion for a 12 Gyr population to be 875 kpc km/s, which is
slightly smaller.
6. CONCLUSIONS
We have presented an analytical chemodynamical model
of the Milky Way that can make predictions for the joint dis-
tribution of position, velocity, age and abundance of stars in
the Milky Way. Parametric models of this sort have impor-
tant uses. Even before the Gaia DR2 data release, observa-
tional multi-dimensional data sets were becoming vast and
unwieldy. The same holds true for cosmological simulations
of Milky Way analogues (e.g. El-Badry et al. 2018). Our
model provides a framework for fitting both observational
and simulated data, and tying both together through a basis
set of key parameters.
The key aspect in which the model improves upon previous
works is its inclusion of a new prescription for the evolution
of [α/Fe] with age and [Fe/H] and a new set of relations de-
scribing the velocity dispersion of stars. For the first time,
we have been able to show that a model with a smooth and
continuous star formation history and velocity dispersion re-
lations can reproduce the ([Fe/H], [α/Fe]) distribution of ob-
served stars at different R and |z| locations across the Galaxy.
The model also satisfies a number of other observational con-
straints. It has a vertical distribution of stars that is well fit
by a sum of two exponential functions. For the low-[α/Fe]
stars, the model is also able to reproduce the trend of mean
angular momentum as a function of metallicity at different R
and |z| locations.
A number of finer details of the observed ([Fe/H], [α/Fe])
distribution are also correctly reproduced. These in-
clude (i) the observed double sequence (bimodality) in the
([Fe/H], [α/Fe]) plane, (ii) the relative fraction of stars in the
high- and the low-[α/Fe] sequences and its variation with R
and |z|, (iii) the change in position of low-[α/Fe] peak with
R and |z|, and (iv) the skewness of the MDFs as a function
of R and |z|. Our work confirms and significantly extends
the earlier findings of Schönrich & Binney (2009a) relat-
ing to the origin of the double sequence in ([Fe/H], [α/Fe])
plane and the thick disc; their study was limited to the solar
neighborhood and lacked a detailed comparison with greatly
improved data since the Gaia DR2 data release. Our work is
also in agreement with Bovy et al. (2012a) who had shown
that the scale-height distribution of mono-abundance popu-
lations is continuous, which supports the argument that the
star formation history is also continuous. The ring-like ra-
dial distribution of stars for a low-[α/Fe] mono-abundance
populations as shown by Bovy et al. (2016) and Mackereth
et al. (2017) is also in agreement with the predictions of our
model.
In Sharma et al. (2020), it was shown that for older stars
the apparent break and rise of the velocity dispersion profile,
with respect to that of a power law, is due to systematic de-
crease of angular momentum with radius. When this is taken
into account, the velocity dispersion of old and high-[α/Fe]
stars, which are traditionally associated with the thick disc,
also follow the same set of relations for their dependence on
age, angular momentum and metallicity as that of other stars
that make up the thin disc. Hence, the break in age velocity-
dispersion relation, the bimodality in ([Fe/H], [α/Fe]) dis-
tribution, the uniformity of the locus of the high-[α/Fe] se-
quence, and the double exponential nature of the vertical den-
sity distribution, do not require an abrupt change in either the
star formation history or the kinematic evolutionary history
of the Milky Way. In other words, these are no longer suffi-
cient arguments for the existence of a distinct thick disc stel-
lar population. The word ‘distinct’ is used in the sense that
the evolution is not smooth or continuous. A brief period of
quenching, as proposed by others (Haywood et al. 2019; Chi-
appini et al. 2001), could potentially be still present but it is
not required to explain the above mentioned properties of the
Milky Way.
The high-[α/Fe] sequence at the low-[Fe/H] end is a se-
quence of both age and birth radius, while at the high-[Fe/H]
end it is a sequence of age. In contrast, the low-[α/Fe] se-
quence is primarily a trend of different birth radius. The ori-
gin of the double sequence is due to two key processes: the
sharp transition the of [α/Fe] at around 10.5 Gyr ago, and
the radial migration of stars. The transition is most likely
due to the delay between the onset of star formation and
the occurrence of SNIa in the early Universe. This sharp
transition creates a valley in the density distribution of stars
in the ([Fe/H], [α/Fe]) plane, approximately parallel to the
[Fe/H] axis. The radial migration, more precisely the pro-
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cess of churning, is responsible for the large spread of the
low-[α/Fe] sequence along the [Fe/H] axis. We show that if
churning is not included the process of blurring alone is not
sufficient to reproduce the double sequence. At any given
radius, the high-[α/Fe] sequence is dominated by stars that
have migrated outwards from the inner Galaxy, however, the
contribution of locally born stars and inward migrators is not
negligible.
The apparent uniformity in the locus of the high-[α/Fe]
sequence is due to churning being very efficient. Efficient
churning firstly makes it possible for enough stars from the
inner radius to reach large R, and secondly it makes the dis-
tribution of birth radius Rb almost independent of R.
The velocity dispersion relations are responsible for some
of the systematic trends of the ([Fe/H], [α/Fe]) distribution
with R and |z|. The MDF of the low-[α/Fe] sequence is
found to shift towards lower [Fe/H] with increase of |z|.
This is due to dependence of vertical velocity dispersion on
[Fe/H] (or equivalently birth radius). At high |z|, the lack of
high-[α/Fe] stars for R> 9 kpc, is due to flaring, and the flar-
ing is due to the parabolic shaped dependence of velocity dis-
persion on angular momentum, characterized by a minimum
at around solar angular momentum and a rise thereafter.
There are various aspects of the model that can be im-
proved in the future. We have only explored the evolution of
iron and α elements, it should be straightforward to extend
the model to also include r and s−process elements. Produc-
tion sites and nucleosynthetic yields for these elements are
not well understood. High resolution spectroscopic surveys
like GALAH and APOGEE are now providing reliable esti-
mates of abundances for these elements for a large number
of stars in the Milky Way. The phase-space evolution of the
model is now reasonably well constrained, in future, we can
focus on the physics exclusive to these elements.
Our model has a number of free parameters and there are
likely to be degeneracies between some of them, which we
have not explored. The parameters were tuned manually. In
the future, a proper MCMC based exploration of the param-
eter space should be useful (e.g. Sharma 2017).
One of the greatest strengths of the model is that, being
purely analytical, it can be easily fit to observational or cos-
mologically simulated data. Since the model is physically
motivated, it means that we can gain understanding about the
various physical processes that have shaped our Galaxy. One
of the most poorly understood physical processes is radial
migration. For our parametric model, we have adopted only
a simple prescription. In reality, a more complex process
is likely to exist as non-axisymmetric perturbations (spiral
arms, bars, interlopers) come and go over the aeons.
Our results show that the distribution of low-[α/Fe] stars
in the ([Fe/H], [α/Fe]) plane and their variation with R and
|z|, is very sensitive to radial migration, this is very promis-
ing to constrain radial migration. The gap between the low-
[α/Fe] and the high-[α/Fe] sequence is very sensitive to pa-
rameters tα and ∆tα that control the enrichment of α ele-
ments in the Galaxy, another process that is not fully under-
stood.
Our chemical evolution model, although physically moti-
vated, is still empirical in nature. The star formation rate is
decoupled from the chemical evolution which is clearly in-
correct. In future, it will be useful to investigate ab initio
chemical evolution models, that take star formation, gas in-
fall, outflows and nucleosynthesis and fine-tune them to re-
produce the chemical evolution tracks that we have derived
here. Finally, the model being purely analytical, it should
be easy to insert into forward-modelling tools like Galaxia
(Sharma et al. 2011) that generate synthetic catalogs of stars
and are useful for interpreting stellar surveys.
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